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Abstract 
Experimental evaluation and dynamic modelling were presented for the transient behavior of a trickle bed reactor in 
which gas and liquid streams flow downwards through a bed of catalyst particles. One-dimensional dynamic 
mathematical model has been described to study the gas-liquid-solid process in which the gas phase (Ar) with the 
tracer (SO2) is treated as a continuum. The physical model has been analyzed, including the formulation of initial and 
boundary conditions and the description of the solution methodology. An experimental procedure to measure the 
concentrations of the tracer (SO2) has been performed. The concentration measurements for this tracer (SO2) were 
performed in a fixed be reactor on trickling flow of the gas phase for a range of operating conditions. The gas-liquid 
mass transfer (kgl) coefficient, liquid-solid mass transfer (kls) coefficient, gas holdup (hg) and partial wetting 
efficiency (fe) were chosen as the hydrodynamic parameters of the proposed mathematical model. Such parameters 
have been optimized with the experimental measurents of the tracer (SO2) at the exit of the trickle-bed reactor. The 
optimized parameters hg, kgl, kls and fe were calculated simultaneously using the equation (51) with minimization of 
the objective function. Results of the mathematical model was presented and compared to the two experimental cases. 
Each above parameters were correlated using empirical correlations. 
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1. Introduction 
Trickle-bed reactors (TBRs) can be defined as fixed beds of catalyst particles in connection with the 
co-current downward flows of gas and liquid phases at low superficial velocities. These reactors assume 
greater importance among the there-phase gas-liquid-solid reaction systems encountered in industrial 
processes. TBRs are extensively used in many process industries. These reactors are widely employed in 
petroleum refineries for hydrotreating, hydrodemetalization and hydrocracking applications. On the other 
hand, they also are widely used for carrying out a variety of processes such as petrochemical, chemical, 
biochemical and waste treatment. There are many works in the literature to model and describe the 
behaviour of processes for those TBRs. Researches to many of those works can be studied applying the 
mathematical modelling [1, 2, 3]. 
Mathematical models of TBRs represent an ancillary tool for minimizing the required experimental 
efforts to developing this important equipment in industrial plants. Experiment and prototype 
developments are the main requirements for accurate engineering design in any industrial process. On the 
other hand, mathematical modelling and numerical simulation are in continuous development, 
contributing in a growing form for the better understanding of processes and physical phenomena, and in 
which for design. Generally, mathematical models require experiment in order to be validated and the 
required experiments involve complex measurements of difficult accomplishment. Therefore, the 
mathematical modelling also represents an incentive for the development of new experimental methods 
and techniques [4, 5, 6, 7, 8]. 
There are various mathematical models of completely or partially wetted catalyst particles which may 
exist in TBRs. Those models are based on many assumptions and they are forced to using simplifications 
to solve the complex equation systems. Normally, mathematical models of TBRs may involve the 
mechanisms of forced convection, axial dispersion, interphase heat and mass transfers, intraparticle 
diffusion, adsorption and chemical reaction [9, 10, 11, 12]. 
Various flow regimes exist in a TBR depending on the liquid and gas mass flow rates, the properties of 
the fluids and the geometrical characteristics of the packed bed [13, 14]. A fundamental understanding of 
the hydrodynamics of TBRs is indispensable in their design, scale-up and performance. The 
hydrodynamics are affected differently in each flow regime. The basic hydrodynamics parameters for the 
design are scale-up and operation, the pressure gradient and liquid saturation. The pressure gradient is 
related for the mechanical energy dissipation due to the two-phase flow through the fixed bed of solid 
particles. The liquid saturation which partially occupies the void volume of the packed bed is related to 
other important hydrodynamics parameters as the pressure gradient, the external wetting of the catalyst 
particles, the mean residence time of the liquid phase in the reactor and the heat and mass transfer 
phenomena [15, 16, 17, 18, 19]. 
The present work has like objectives to optimize the gas-liquid mass transfer (kgl) coefficient, liquid-
solid mass transfer (kls) coefficient, gas holdup (hg) and partial wetting efficiency (fe) chosen as the 
hydrodynamic parameters of the proposed mathematical model using different set of experiments carried 
out in one laboratory scale TBR. A model validation procedure was established by comparison with two 
experimental cases. Developing the empirical correlations for the hg, kgl, kls and fe parameters using the 
experimental values of these parameters not employed in the validation. 
 
Nomenclature 
agl Gas-liquid mass transfer area per unit column volume, m-1 
als Effective liquid-solid mass transfer area per unit column volume, m-1 
Cg,0(t) Input concentration of the gas tracer, kg m-3 
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Cg(z,t) Concentration of the gas tracer in the gas phase, kg m-3 
Cl(z,t) Concentration of the gas tracer in the liquid phase, kg m-3 
Cr (r,t) Concentration of the gas tracer in the solid phase, kg m-3 
Dax Axial dispersion coefficient for the gas tracer in the liquid phase, m2 s-1 
dc Column diameter, m 
dp Diameter of the catalyst particle, m 
De Effective diffusivity for the gas tracer in the solid phase, m2 s-1 
F Dimensionless objective function 
fe Dimensionless partial wetting efficiency 
g Standard acceleration of gravity, m s-2 
hg Dimensionless gas hold-up 
hl Dimensionless liquid hold-up 
hrg Dimensionless solubility constant of Henry’s law 
hs Dimensionless static liquid hold-up 
i complex number 1  
KA Adsorption equilibrium constant, m3 kg-1 
kgl Gas-liquid mass transfer coefficient, m s-1 
kls Liquid-solid mass transfer coefficient, m s-1 
L Height of the catalyst bed, m 
P Pressure, Pa 
PE Dimensionless modified Peclet number based on the height of the catalyst bed 
PE Dimensionless Peclet number based on the height of the catalyst bed 
Qg Flow of the gaseous phase, m3 s-1 
Ql Flow of the liquid phase, m3 s-1 
r Radial distance in the catalyst particle bed, m 
R Radius of the catalyst particle, m 
t Time, s 
T Temperature of the system, K 
ta Dimensionless time defined in Table (1) 
z Axial distance of the catalytic reactor, m 
Greek Letters 
Dgl Dimensionless parameter defined in Table (2) 
-ls Dimensionless parameter defined in Table (2) 
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Jlg Dimensionless parameter defined in Table (2) 
Nsl Dimensionless parameter defined in Table (2) 
Oe Dimensionless parameter defined in Table (2) 
Mg([,ta) Dimensionless concentration of the gas phase 
Ml([,ta) Dimensionless concentration of the liquid phase 
Mr(K,ta) Dimensionless concentration of the solid phase 
[ Dimensionless axial distance of the catalytic reactor, it was defined in Table (1) 
K Dimensionless radial distance in the catalyst particle bed, it was defined in Table (1) 
Hex Dimensionless void fraction in the bed 
Pl Viscosity of the liquid phase, kg m-1 s-1 
Pg Viscosity of the gaseous phase, kg m-1 s-1 
Ug Density of the gaseous phase ,kg m-3 
Ul Density of the liquid phase, kg m-3 
Us Density of the particle, kg m-3 
VL Surface tension, kg s-2 
2. Mathematical Modelling 
The mathematical modelling’s formulation has been based on the gas-liquid-solid model which treats 
the gas phase (Ar + SO2 tracer) as a continuum on a fixed bed of solid particles. An one-dimensional 
dynamic mathematical model has been adopted where the gas holdup, axial dispersion, gas-liquid mass 
transfer, liquid-solid mass transfer, intraparticle diffusion, partial wetting and reaction phenomena are 
present. Here, the model was presented for the gas phase using the SO2 as a tracer and it is restricted to the 
following assumptions: (i) isothermal system; (ii) the gas phase is modeled as a plug flow; (iii) the liquid 
phase is modeled taking axial dispersion; (iv) the system operates with partial wetting of the bed; (v)the 
intraparticle diffusion resistance is present; (vi) rapid adsorption equilibrium; (vii) the system operates 
with a small concentration of the tracer in order to minimize disturbances to reactor conditions. Based on 
the these simplifications, the mass balance equations that describe the transient behavior of this system are 
given by the following coupled partial differential equations. 
x mass balance for the tracer (SO2) in the gas phase; 
       > @t,zCt,zChak
z
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d
Q4
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h lgrgglgl
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x the initial and boundary conditions for the Equation (1) are given as: 
  0t,zC
0tg
  ; for all z and for t d 0         (2) 
   tCt,zC 0,g0zg    ; for t!0         (3) 
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 0t,zC
zg
 fo ; for t ! 0         (4) 
x mass balance for the tracer (SO2) in the liquid phase; 
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x the initial and boundary conditions for the Equation (5) are given as: 
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x mass balance for the tracer (SO2) in the solid phase; 
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x the initial and boundary conditions for the Equation (9) are given as:   0t,rC
0tr
  ; for all r and for t d 0       (10) 
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; for t!0       (12) 
Equations (1) to (12) can be analyzed in dimensionless variable terms from the following ratios, see 
Table (1). 
Table 1. Dimensionless variable’s summary 
Dimensionless concentrations dimensionless variables (temporal and spatial) 
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2.1. Dimensionless mathematical model 
Dimensionless concentrations Mg([,s), Ml([,s) and Mr(K,s) and dimensionless variables (ta, [ and K) are 
presented in Table (1). These have been using to form dimensionless equations. After some simple 
mathematical manipulation, equations (1) to (12) were written in terms of dimensionless variables 
according to the following procedure below. 
x dimensionless mass balance for the tracer (SO2) in the gas phase; 
       alglagglag
a
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      (13) 
x the dimensionless initial and boundary conditions for the tracer (SO2) in the gas phase; 
  0t,
0tag a
  [M ; for all [       (14) 
  1t,
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  [[M ; for ta ! 0       (15) 
  0t, ag  fo[[M ; for ta ! 0       (16) 
x dimensionless mass balance for the tracer (SO2) in the liquid phase; 
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x dimensionless the initial and boundary conditions for the tracer (SO2) in the liquid phase; 
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x dimensionless mass balance for the tracer (SO2) in the solid phase; 
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x dimensionless the initial and boundary conditions for the tracer (SO2) in the solid phase; 
  0t, 0tar a   KM ; for all K       (22) 
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The dimensionless parameters in Equation (13) to (24) are defined as, see Table (2). 
Table 2. Dimensionless parameters’s summary 
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2.2. Application of the Laplace transformation on the mathematical model 
The Laplace transform method can be used for transforming partial differential equations (PDEs) in 
ordinary differential equations (ODEs). PDEs (13) to (24) and its restricted conditions can be transformed 
easily using the Laplace transformation according to the equation below: 
           s,zands,z,s,zs,z;dtet,zs,z rlgi
0
ts
ii MMM---   ³
f
       (25) 
Their transformed equations are presented by means of the Laplace transformation using the Eq. (25). 
x dimensionless mass balance for the gas phase in Laplace domain; 
       s,s,s
d
s,d
lglg
g [MD[MX[
[M          (26) 
Where, 
  ss gl  DX  
x the dimensionless initial and boundary conditions for the Equation (26) in the Laplace domain for the 
gas phase; 
  0s,
0sg
  [M ; for all [ and for s d 0       (27) 
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  [[M ; for s ! 0       (28) 
  0s,g  fo[[M ; for s ! 0       (29) 
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x dimensionless mass balance for the liquid phase in Laplace domain; 
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where, 
  lslgss -JQ   
x the dimensionless initial and boundary conditions for the Equation (30) in the Laplace domain for the 
liquid phase; 
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x dimensionless mass balance for the solid phase; 
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x dimensionless the initial and boundary conditions for the solid phase; 
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Where the overhead sign () and “s” in equations (26) to (37) indicate the Laplace transform and its 
domain variable, respectively. 
2.3. Solution for the equation system in the Laplace domain 
The Equation (34) with accompanying boundary condition [Equation (36)] was solved (analytical 
solution) for finding a relationship between the bulk liquid concentration )s,(l [M  and the concentration 
1r
)s,(  KKM  at the outer surface of the catalyst particle. The result involves adsorption and intraparticle 
diffusion in the pores of the spherical catalytic particle according to the Equation below. 
     s,ss, lr1r [MVKM K          (38) 
Where, 
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The Equation (38) was introduced in the Equation (30) and this Equation was written as: 
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where, 
   > @ lsrlg s1ssR -VJ   
Equations (26) and (39) were solved using the finite difference method (FDM) according to the 
following established procedure presented. 
The first case treats of the discretization of the Equation (26) via the FDM. This Equation is 
approximated as follows: 
 > @  > @    > @  > @sssss lgljgjg1jg MD['MX['MM         (40) 
By applying the FDM at the boundary condition given by the Equation (28) to obtain > @ 1jg )s( M  in 
the above Equation. Thus, the algebraic approximation equation has been obtained as: 
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where, 
   s2sQ1 X[' ; gl1T D['  
The second case presents the discretization of the Equation (39) through the FDM the as follows. 
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To find the concentrations  > @  > @ 1jl1jl sands  MM  of the liquid phase in the Laplace domain from 
the Equation (42), the boundary condition given by the Equation (32) was discretized using the FDM 
according to the following steps below. 
The first step has been to find the concentration  > @
1jl
s M  using the FDM with the forward case. We 
present the resulting equation below for this procedure. 
 > @  > @ jl11jl ss MEM               (43) 
Where, 
E
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  
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The second step was to obtain the concentration at  > @
1jl
s M  applying the FDM with the backward 
case. Thus, the resulting equation for such procedure is given as follows. 
 > @  > @ jl21jl ss MEM          (44) 
Where, 
E
E
2 P2
P2
['
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  
Equations (43) and (44) were introduced in the Equation (42) to obtain the algebraic equation of the 
liquid phase as follows. 
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Where, 
 2Elg2 PQ ['J   
       > @21slE212 sR1P2sT ['EN['EE    
Equations (41) and (45) have been combined for forming a linear algebraic equation system (LAES). 
The LAES was solved using the Gauss elimination method (GEM) to obtain the concentrations in the 
liquid and gas phases. These concentrations were shown according equations below. 
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For j = 1 it was possible to obtain the concentration of the tracer at the exit of the fixed as [18]. 
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In the present study only the concentration of the gas phase (SO2 tracer) was analyzed. To find the 
concentration profiles of the tracer at the exit of the trickle-bed reactor, the numerical fast Fourier 
transform (NFFT) technique was employed. In the NFFT operations, the Laplace variable “s” was 
changed by “Zi” in the Fourier domain. This technique was applied for considering a step up of 
concentration disturbance at the inlet of the fixed bed. Thus, the theoretical concentration at the exit of the 
fixed bed have been calculated using the following equation below. 
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3. Experimental Setup 
Experiments were realized in a three-phase trickle bed reactor, which consists of a fixed bed with 0.32 
m height and 0.028 m inner diameter with catalytic particles contacted by a cocurrent gas-liquid 
downward flow carrying the tracer (SO2) in the gas phase. Experiments have been performed on 
conditions where the volumetric flow rates for the gas and liquid phases were maintained at such a level 
to guarantee the low interaction regime in 7.068 x 10-8 m3 s-1 to 2.122 x 10-6 m3 s-1 liquid flowing (Ql) and 
in 6.437 x 10-6 m3 s-1 to 3.181 x 10-4 m3 s-1 gas flowing (Qg) in a pilot plant trickle be reactors. 
Continuous analysis for the tracer (4% volume SO2 + 96% Ar) was made using at thermal conductivity 
detector (TCD) coupled to an AD/DA interface. Results have been expressed in term of the 
concentrations (tracer SO2) versus time (positive step) at the exit of the fixed bed. 
The methodologies applied for evaluating the gas holdup (hg), gas-liquid mass transfer (kgl) coefficient, 
liquid-solid mass transfer (kls) coefficient and partial wetting efficiency (fe) were performed for a Ar/H2O- 
SO2 /activated carbon system according to the procedure below: 
x analysis for the positive-step experimental results at the exit of the fixed bed; 
x comparison of the experimental results obtained at the exit of the fixed bed with those results 
calculated from the Eq. (50) using the minimization of the objective function given [20]. 
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x computation of the parameters (hg, kgl, kls and fe) from the mathematical. The initial values for the hg, 
kgl, kls and fe parameters were considered by means of the proposed empirical correlations in literature 
according to the Table (3); 
Table 3. Empirical correlations for the obtainment of the hg, kgl, kls and fe the initial values 
Correlations References 
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x Optimizing the parameters (hg, kgl, kls and fe) by means of the comparison between the experimental 
and theoretical results through the Eq. (51). 
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4. Results and Discussions 
Various fixed parameters were used to calculate the concentrations (tracer SO2) of the proposed 
mathematical model. These parameters are presented according to the Table (4). In this Table, it were 
shown the values for four categorical properties such as the operating conditions, packing and bed 
properties, liquid properties and gas properties. 
Table 4. Summary of intervals of operating conditions for the particle-fluid 
Category Properties Numerical Values 
Operating Conditions Pressure (P), atm 1.01 
 Temperature (T), K 298.00 
 Liquid flow (Qg)x106, m3 s-1 45.63-12.86 
 Gas flow (Ql)x106, m3 s-1 0.80 
Packing and bed properties Total bed height (L)x102, m 0.28 
 Bed porosity (Hex) 0.39 
 Effective diffusivity for the gas tracer in the solid phase, (De)x103, m2 s-1 3.21 
 Adsorption equilibrium constant, (KA)x10-4, m3 kg-1 4.57 
 Effective liq. - sol. mass transf. area per unit col. Vol. (aLS)x10-2, m2 m-3 
Diameter of the catalyst particle (dp)x103, m 
Diameter of the reactor (dr)x102, m 
Density of the particle (Up)x10-3, kg m-3 
Gas-liquid mass transfer area per unit (agl)x10-3 
3.97 
3.21 
3.56 
6.33 
8.23 
Liquid properties Density of the liquid phase (Ul)x10-3, kg m-3 1.01 
 Viscosity of the liquid phase (Pl)x10-4, kg m-1 s-1 8.96 
 Surface tension (Vl)x102, kg s-2 7.31 
 Dynamic liquid holdup (hL)x101 3.91 
 Superficial velocity of the liquid phase (VSL)x104, m s-1 1.56 
Gas properties Density of the gaseous phase (Ug)x10-1, kg m-3 6.63 
 Viscosity of the gaseous phase (Pg)x105, kg m-1 s-1 2.23 
 Superficial velocity of the gaseous phase (VSL)x103, m s-1 29.46 
Experiments were performed for a constant volumetric flow rate (Ql = 0.80x10-6 m3 s-1) of the liquid 
phase and variable volumetric flow rate (Qg = 4.563x10-5 m3 s-1 to 1.286x10-5 m3 s-1) of the gas phase. 
Experimental procedures as well as results are presented in details in the tricking flow regime. Results 
obtained from the mathematical model were compared with such experimental sets. An objective function 
(F) has been calculated and presented. Values of the objective function indicate a very good fit between 
the proposed mathematical model and experimental results. The computation methodology to optimize 
the hg, kgl, kls and fe parameters involved numerical inversion in the Fourier domain followed by a 
minimization of the objective function. 
The gas-liquid mass transfer (kgl) coefficient, liquid-solid mass transfer (kls) coefficient, gas holdup 
(hg) and partial wetting efficiency (fe) are influenced by changes in the gas flow. To represent the 
behavior of hg, kgl, kls and fe their optimized values were employed, and the proposal of empirical 
correlations was formulated by the Eqs. (52), (53), (54) and (55). They are restricted to the following 
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operation conditions: dP = 3.21 x10-3, 9.73 d Reg d 2.73, 0.059 d Scg d 0.31, 9.34x10-5 d Weg d 1.75x10-5, 
3.68x10-2 d Frg d 0.69x10-2. 
    136g1362ggg sm10x63.12Qsm10x63.45;9987.0R,ScRe56.3h 2102.11701.0  dd        (52) 
    136g1362gg3gl sm10x63.12Qsm10x63.45;9957.0R,WeRe10x41.7k 4321.10121.1  dd     (53) 
    136g1362g1302.1g2ls sm10x63.12Qsm10x63.45;9917.0R,ScRe10x21.3k 0951.0  dd    (54) 
    136g1362gge sm10x63.12Qsm10x63.45;9983.0R,FrRe21.3f 1987.02309.0  dd        (55) 
The parameter correlations were fitted by the least-squares method. The mean relative errors (MRE) 
between the predicted and experimental parameter values of hg, kgl, kls and fe in the k experiments were 
computed as follow: 
   
   f and k ,k ,hp 100;xp
pp
n
1MRE(p) elsglg
n
1k k
kk
Exp.
Exp.Pred.
  ¦
 
. Figs. (1), (2), 
(3) and (4) present parity plots of the correlated results. The order or magnitude for the mean relative 
errors of the hg, kgl, kls and fe at different gas flows was obtained by above expression. 
A model validation procedure was established by comparing the predicted concentrations obtained 
with the values of the parameters from the proposed correlations (Eqs. 52, 53, 54 and 55) and 
experimental data not employed in the model adjustments. 
In the Figs. (5) and (6) are represented the model validations to two different operating conditions, 
where the parameter values were obtained by the Eqs. (52), (53), (54) and (55). 
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Fig. 1. Parity (hg)Exp versus (hg)Calc for the system Ar/H2O-SO2/activated carbon operating with low interaction regime. Conditions: 
298 K, 1.01 bar, Ql = 0.80x10-6 m3 s-1, Qg = (4.563x10-5 m3 s-1 to 1.286x10-5 m3 s-1) 
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Fig. 2. Parity (kgl)Exp versus (kgl)Calc for the system Ar/H2O-SO2/activated carbon operating with low interaction regime. Conditions: 
298 K, 1.01 bar, Ql = 0.80x10-6 m3 s-1, Qg = (4.563x10-5 m3 s-1 to 1.286x10-5 m3 s-1) 
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Fig. 3: Parity (kls)Exp versus (kls)Calc for the system Ar/H2O-SO2/activated carbon operating with low interaction regime. Conditions: 
298 K, 1.01 bar, Ql = 0.80x10-6 m3 s-1, Qg = (4.563x10-5 m3 s-1 to 1.286x10-5 m3 s-1) 
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Fig. 4. Parity (fe)Exp versus (fe)Calc for the system Ar/H2O-SO2/activated carbon operating with low interaction regime. Conditions: 
298 K, 1.01 bar, Ql = 0.80x10-6 m3 s-1, Qg = (4.563x10-5 m3 s-1 to 1.286x10-5 m3 s-1) 
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Fig. 5. Evolution of the tracer concentration at the outlet of the trickle-bed reactor. Model validation. Conditions: 298 K, 1.01 bar, Ql 
= 0.80x10-6 m3 s-1, Qg = 2.39x10-5 m3 s-1 to 1, hg = 0.42, kgl = 2.47 x 10-3 m s-1, kls = 1.67 x 10-2 m s-1 and fe = 0.487 
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Fig. 6. Evolution of the tracer concentration at the outlet of the trickle-bed reactor. Model validation. Conditions: 298 K, 1.01 bar, Ql 
= 0.80x10-6 m3 s-1, Qg = 3.53x10-5 m3 s-1 to 1, hg = 0.57, kgl = 3.21 x 10-3 m s-1, kls = 2.03 x 10-2 m s-1 and fe = 0.539 
5. Conclusions 
Based on the experimental and modelling studies of the gas phase in a low interaction system, the 
following results were obtained: (i) the estimation of the parameters hg, kgl, kls and fe, (ii) the validation of 
the model and (iii) the analysis of the behavior of the gas holdup, gas-liquid mass transfer coefficient, 
liquid-solid mass transfer coefficient and Partial wetting efficiency by new forms of empirical 
correlations, see Eqs. (52), (53), (54) and (55). The final values of the parameters were obtained with 
values of the objective function, F = 2.347 x 10-5 to 0.893 x 10-5. Thus, the range of the optimized values 
of the parameters by fitting between the theoretical and experimental response were given as: hg = 0.687 
to 0.135, kgl = 3.462 x 10-3 to 1.389 x 10-3 m s-1, kls = 2.387 x 10-2 m s-1 to 0.216 x 10-2 m s-1 and fe = 
0.569 to 0.443. 
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